Single-nucleotide polymorphism (SNP) tagging is widely used as a way of saving genotyping costs in association studies. A number of different tagging methods have been developed to reduce the number of markers to be genotyped while maintaining power for detecting effects on non-assayed SNPs. How the different methods perform in different settings, the degree to which they overlap and share common tags and how they differ are important questions. We investigated these questions by comparing three widely used tagging methods/algorithms-one haplotype r 2 -based method, one pair-wise r 2 -based method and one method which was based on haplotype diversity but focused on major haplotypes. Tagging efficiency was defined as the number of genotyped markers divided by the number of tagging SNPs. Tagging effectiveness was defined as the proportion of un-genotyped or 'hidden' SNPs being detected (having a pair-wise or haplotype r 2 with a set of tagging SNPs over a threshold, e.g. haplotype r 2 ! 0.80). The ENCODE regions genotyped on the HapMap CEPH individuals were examined in this study. Tagging effectiveness was generally poor for rare SNPs than for common SNPs, for all three tagging methods. Inclusion of rare SNPs into initial HapMap scheme could enhance the performance of tags on rare hidden SNPs at the expense of increased genotyping cost. At a moderate tagging efficiency, more than 90% of hidden SNPs detected by tagging SNPs selected by one method were also detected by tagging SNPs selected by another method, and this figure could be increased to 100% if tagging efficiency was allowed to drop. These results indicate that the tagging space is highly concordant between different tagging methods, despite the fact that they often involve different sets of tagging SNPs.
INTRODUCTION
Single-nucleotide polymorphism (SNP) tagging is an important strategy to save genotyping costs in disease association studies (1 -8) , and it is becoming even more important with availability of the high-density HapMap (9) . The basic principle behind this tagging is that there is usually redundant information involved among densely spaced SNP markers and a subset of markers often can retain all or most of the information. The concept of tagging was first introduced by Johnson et al. (1) . In their study, haplotype information was used to select the so-called haplotype-tag SNPs (htSNPs). Since then, many different methods and algorithms have been developed (4,5,10 -20) . These methods differ from one another mainly on the following aspects: (1) the source of genetic information, i.e. haplotype (1, 4, 11, 14) or genotype (5, 19) ; (2) the measure and criteria of evaluation used in tagging SNP selection, e.g. haplotype diversity (1, 11) , haplotype r 2 (4), pair-wise r 2 (5, 19) , entropy (13, 21) or a variant form of them (20) ; and (3) computing algorithms, e.g. exhaustive search (1, 4) , analytical and heuristic operations (14, 16) , hierarchical clustering and graph methods (19) , greedy algorithm (5) and dynamic programming (11) . With so many methods available, it is very important to understand their common features in practice, as well as where they differ in terms of tagging SNP selection and the regions being tagged. Such information would help users in choosing the appropriate tagging methods in their own applications.
The behaviour of a tagging method can be defined in terms of its computing performance or the tagging space of tagging SNP sets that are selected by the method. Computing performance includes speed and the amount of data being handled and is mainly determined by the computing algorithms applied, whereas tagging space is defined on the basis of how well a set of tagging SNPs captures the information of all the genotyped markers and how well they perform on un-genotyped markers ('hidden SNPs'). For each set of tagging SNPs, we consider three level of tagging space: (1) the set of tagging SNPs themselves, i.e. the composition of SNPs in terms of their spacing and allele frequency; (2) their coverage of the genotyped markers, i.e. the 'known' space; and (3) their coverage of the un-genotyped markers, i.e. the 'hidden' space. Here we are primarily interested in comparing the tagging space among different tagging methods. In particular, we are interested in the following questions: What is the relationship of tagging efficiency and the effectiveness of tagging SNPs on hidden SNPs selected by individual methods? How often are the same tagging SNPs selected by different methods? What proportion of hidden SNPs is detected by these tagging SNP sets? What proportion of hidden SNPs is commonly detected by them?
A comparison of all the available tagging methods is difficult and also unnecessary. The tagging selection algorithm, rather than computing algorithm, is the primary underlying determinant on how and which SNPs are selected as tagging SNPs. It is the selection algorithm we focus on in this study. Almost all available methods use either haplotypes (1) or genotypes (5) as the information source. To examine whether a set of SNPs are selected as tagging SNPs, objective criteria are also needed. Earlier methods used haplotype diversity (1) as the measure for selection, but some of the recent developments (4, 5, 20) use either pair-wise r 2 or haplotype r 2 because of their direct relevance to association studies although the mathematical expression of haplotype r 2 is very similar to that of haplotype diversity (4) . In this study, therefore, we choose one haplotype-based tagging method that uses haplotype r 2 as the selection criteria and one genotype-based method that uses pair-wise r 2 as the selection criteria. Besides these two, we have also used a third method to compare, which focuses on major haplotypes and is intentionally biased towards selecting common markers as tagging SNPs, and thus increases the potential for cost savings on genotyping at the possible expense of general effectiveness.
The three tagging methods were based on three existing software programs-TagIT (4) for haplotype r 2 , ldSelect (5) for pairwise r 2 and SNPTagger (14) for haplotype diversity. It should be emphasized again, however, that the idea was to compare the underlying selection algorithms rather than the software programs per se. We believe that the comparison of these three methods can shed light on the tagging space problem of other related methods, although specific values of particular measures may differ according to individual implementations and heuristics. Many other methods were either a variant or a combination of the above three. For example, the block-free tagging method (20) We investigated the tagging space problem of the three methods using 9673 polymorphic SNP markers genotyped in the ENCODE regions on 90 CEPH individuals by the International HapMap Project (9) . Markers genotyped for 190 CEPH individuals in the human major histocompatibility complex (MHC) region, known for its relatively unusual linkage disequilibrium (LD) structure (22) , were also used as a fine-scale comparison. Haplotype r 2 (4) and in some cases pair-wise r 2 between tagging SNPs and un-genotyped SNPs were used as the measures of the reduction in power to detect effects at un-assayed hidden SNPs.
RESULTS

Tagging efficiency and tagging effectiveness
Tagging efficiency is influenced by the selection criteria and thresholds of a particular method, whereas tagging effectiveness is a measure of how large the tagging space of a tagging SNP set possesses. Tagging SNP sets with similar tagging efficiency may have different tagging effectiveness. In other words, they can differentially cover not only different 'known' marker space, but also different 'hidden' space. From the 7285 SNP markers whose minor allele frequency (MAF) !5%, markers were randomly selected to construct an 1 SNP/5 kb map modelling the phase I end product of the International HapMap Project (9) . SNPs that were not selected into the 1 SNP/5 kb map were regarded as hidden SNPs. This process was repeated three times for each ENCODE region. Figure 1 gives the result of tagging efficiency and tagging effectiveness in both the high LD and low LD regions.
It is apparent that the trend of change was very similar in regions of different LD profiles for the three different tagging methods (Fig. 1) . The absolute scale of the two figures (y-axis) in the upper panel, however, was very different, indicating a 2-3-fold higher tagging efficiency in the high LD regions than in the low LD regions. Tagging effectiveness was also always higher in the high LD regions than in the low LD regions at a particular threshold for all the three methods (Fig. 1, lower panel) . The haplotype-diversitybased method, which focused on common and major haplotypes, had the potential of providing very high genotyping savings, but was achievable only at the cost of tagging effectiveness (Fig. 1, lower panel) . Comparatively, the haplotype r 2 -based method and the pair-wise r 2 -based method were more conservative, with the latter the most conservative of the three. For the pair-wise r 2 -based tagging method, tagging effectiveness was close to optimum for the region at hand by increasing the threshold to 0.90 in high LD regions and to 0.70 in low LD regions. For the haplotype r 2 -based method, maximum effectiveness was similarly achieved at 0.90 for both high and low LD regions. For the haplotypediversity-based method, however, there was always a clear benefit by increasing the threshold until all haplotypes were included.
Effects of allele frequencies on tagging effectiveness
It should be noted that, however, the x-axis values of Figure 1 (Fig. 1A) . Similarly, we set different threshold points for high and low LD regions, where the comparison of tagging effectiveness would be carried out with tagging efficiency fixed at a similar level.
In high LD regions ( Fig. 2A -C) , the maximum tagging effectiveness (Fig. 2C ) was achieved by requiring that the tagging method explained 100% of the haplotypic diversity (or haplotype r 2 ¼ 1.00 or pair-wise r 2 ¼ 0.90). Subtle changes occurred by decreasing the three thresholds in order to increase tagging efficiency and savings on genotyping. When tagging efficiency was increased to 2.5 ( Fig. 2B) , the overall tagging effectiveness was the highest by the haplotype r 2 -based method and the lowest by pair-wise r 2 -based method; threshold settings were 0.72 for pair-wise r 2 , 0.9 for haplotype r 2 and 0.97 for haplotype diversity. For all the five categories of SNPs, classified on the basis of their MAF values, tagging effectiveness of the pair-wise r 2 -based method was lower than the two haplotype-based tagging methods, at this level of tagging efficiency. Compared with the haplotype r 2 -based method, the major haplotype-focused method was equally or slightly more effective with very common SNPs (MAF ! 0.30) but slightly less effective with less common ones (MAF 0.30). We increased the tagging efficiency further to 3.0 (Fig. 1A) , at which point the three thresholds were haplotype diversity ¼ 93%, haplotype r 2 ¼ 0.78 and pair-wise r 2 ¼ 0.50, and observed that the overall advantage of the haplotype r 2 -based method was even more evident when compared with the pair-wise r 2 -based method. The major haplotype-based method was less effective than the haplotype r 2 -based method, for less common SNPs (MAF , 0.20) and the most effective one among all the three tagging methods for the most frequent SNPs ( Fig. 2A and B) . It was also noted that for the commonest SNPs (MAF ¼ 0.40 -0.50), the maximum tagging effectiveness was already achieved at diversity 93% by the major haplotype-based method and there was no benefit of increasing the threshold further. Increasing threshold values had the benefit of increasing tagging effectiveness across the board for the pair-wise Human Molecular Genetics, 2005, Vol. 14, No. 18 2759 r 2 -based method and was particularly important on tagging rare SNPs for the major haplotype-based method.
Tagging effectiveness in low LD regions, for all the three tagging methods, was much lower than that in high LD regions. For example, at a tagging efficiency of 1.2 in the low LD regions (Fig. 2D) , the tagging effectiveness for the three methods and for SNPs of different MAF categories was always lower than what was obtained at a tagging efficiency of 2.5 in the high LD regions (Fig. 2B ). Rare hidden SNPs were associated with the lowest tagging effectiveness although a similar level of effectiveness was also observed for SNPs whose MAF values were between 0.30 and 0.40 (Fig. 2D ). This was, however, very different from what was observed in the low LD regions of MHC, where rare hidden SNPs were associated with the highest tagging effectiveness (Supplementary Material, Fig. S1 ). This discrepancy perhaps reflected the nature of low LD regions, which were often not well defined compared to high LD regions, and, therefore, could be region-specific in SNP and haplotype compositions.
Shared detection of genotyped SNP markers
When tagging SNP sets are selected by different methods using different selection criteria, some of the important questions include: Do they have similar power to detect nontagging SNP markers in the genotyped set? How many tagging SNPs are shared between the different tagging SNP sets? How many shared SNPs (including tagging SNPs themselves) can be detected by the various tagging SNP sets? Does maximizing the proportion of shared tags increase the proportion of genotyped SNPs being detected?
To address these questions, we compared the two haplotype-based methods, as well as the two r 2 -based methods ( Table 1 ). The first sets of tagging SNPs selected by all methods were regarded as the 'best' sets on the basis of the genotyped markers only (see Materials and Methods). The evaluation criterion was set as haplotype r 2 ! 0.80. When tagging SNPs were selected below this threshold (i.e. Hapr 2 ¼ 0.78), tagging efficiency was 3.0 and 62 -73% of tags in the first tagging SNP set by one method were also contained in the first tagging SNP set by the other method. The genotyped SNPs detected by both methods ('shared detection' in Table 1 ) were all higher than 99%. When tagging SNPs were selected above the evaluation threshold (i.e. Hapr 2 ¼ 0.90), the tagging efficiency was 2.5 and 68-82% of tags were shared between methods ( Table 1 ). The 'shared detection' now became 100%.
Often, more than one set of tagging SNPs can be selected by the same tagging approach, yielding equivalent degrees of effectiveness at selection and usually similar degrees of effectiveness at evaluation, which may use a different r 2 -value. By comparing each set of tagging SNPs produced by two different , the percentage of shared tags was increased from 73.1% when considering the first set of tagging sets by both methods (column 4) to 95.4% when the tags shared by the two methods were maximized (column 8). This increase led to a higher percentage of shared detection of hidden SNPs (99.5 -99.9%). There was no gain for haplotype r 2 -based tagging set, but a slightly larger absolute number of genotyped SNPs was detected by the haplotype-diversity-based tagging SNP set (93.6 -95.1%), suggesting a fine-tuning effect of haplotype r 2 -based method on haplotype-diversitybased method when tagging efficiency was high and equal for both methods. This small gain was achieved at the expense of reduced tagging efficiency (3.00 -2.96) and could be partly offset by purely increasing the number of tagging SNPs to reach the same tagging efficiency (column 11). As tagging efficiency was decreased, such gains were diminished (rows 2 -4). The situation was a bit more complicated when the two r 2 -based methods were compared. With Hapr 2 ¼ 0.78 versus r 2 ¼ 0.50, the percentage of genotyped SNPs being detected decreased for the haplotype r 2 -based method from 99.3% (column 5) to 99.2% (column 9) although there was a small increase for the pair-wise r 2 -based method (from 91.6 to 92.0%). With Hapr 2 ¼ 0.78 versus r 2 ¼ 0.72, a small increase of detected SNPs was observed with haplotype r 2 -based method (from 99.3 to 99.5%). However, this gain was not due to the quality of the tagging SNPs selected through maximizing common tags, but rather to the quantity of tagging SNPs contained in the resulting set because the gain was equally obtainable by adding random markers to the set to reach the same number (column 11). In general, there was no consistent gain for maximizing commonality between tagging set pairs selected by different methods, and such gains, when observed, tended to be very small and negligible.
Shared detection of hidden SNP markers
The previous results indicate that the shared detection of observed, genotyped markers is not exceptionally difficult to predict and control. In contrast, it is more difficult to predict the performance of tags on SNPs that are not initially genotyped, i.e. 'hidden' SNPs. Comparisons between tagging methods (Table 2) were carried out to address questions such as: How many of the same hidden SNPs can each method detect? Does maximizing the proportion of common tags increase the proportion of hidden SNPs detected by multiple methods? More importantly, does it influence the absolute number of hidden SNPs being detected? When tagging efficiency was fixed at 3.0, although the proportion of shared tag SNPs was only 61-73% between any two methods, the proportion of hidden SNPs detected in common was higher than 96% (Table 2 ). Lowering the Values shown were the averages of five assessments. Standard deviations were only shown where results were different among the five assessments. Also, both tagging and non-tagging SNPs were included for the evaluation.
Human
tagging efficiency (i.e. increasing the number of tagging SNPs) yielded a higher proportion of shared tags and commonly detected hidden SNPs. Specifically, when tagging efficiency was dropped to 2.5, almost all hidden SNPs detected by one method were also detected by tagging SNPs selected by another. This indicated that the three different methods shared a highly common tagging space, despite the differences in their selection algorithms. This is encouraging for users who might use different tagging methods in specific applications. Both the proportion of shared tags and the proportion of commonly detected hidden SNPs could be further increased if one of the methods is allowed to have a lower tagging stringency and thus lower tagging efficiency ( Table 2 ). This effectively generated a larger pool to compare.
We then investigated whether maximizing shared tags had any benefit on revealing the underlying LD structure of hidden SNPs and thus maximizing the common tagging space. For the tagging SNPs selected by the two haplotypebased methods at Hapr 2 ¼ 0.78 versus HapDiv ¼ 0.93 (first row, Table 2 ), there was an increase in the percentage of commonly detected hidden SNPs (96.4 -99.1%) and also a higher absolute number of hidden SNPs being detected by both the haplotype r 2 -based method (79.9 -80.3%) and the haplotypediversity-based method (77.3 -77.8%). However, these gains were obtained only after decreasing the tagging efficiency (columns 3 and 7, Table 2 ). Therefore, it is of interest to understand the true gain. By selecting random markers from non-tagging SNPs and adding them to the first tagging SNP set (column 3, Table 2 ), equal values of tagging efficiency could be reached. In this case, the percentage of hidden SNPs being detected by the haplotype-based methods was 80.4 and 77.3%, respectively (column 11, Table 2 ) and the proportion of commonly detected hidden SNPs was 97.6% (column 12, Table 2 ). Therefore, comparison and use of LD information revealed by the two haplotype-based tagging methods yield a genuine but small gain for the haplotype-diversity-based method and no gain at all for the haplotype r 2 -based method. Similar gains were also observed with the Hapr 2 ¼ 0.78 versus HapDiv ¼ 0.94 and r 2 ¼ 0.72 (Table 2) .
Tagging efficiency was much lower in low LD regions than in high LD regions (Fig. 1) . At a high selection threshold, e.g. pair-wise r 2 ! 0.70, almost all genotyped SNPs need to be selected as 'tags'. It is, therefore, not surprising to observe a higher proportion of shared tags in low LD regions than in high LD regions (Supplementary Material, Table S1 ). As a consequence of highly shared tagging SNPs, the shared detection of hidden SNPs was also very high (Supplementary Material, Table S1 ).
Because the shared proportion of detected hidden SNPs was high in both low and high LD regions, a high value of shared detection of hidden SNPs was expected, in general, for any region regardless of its LD structure. We re-analysed the ENCODE regions using fixed windows of 10 SNPs for the 1 SNP/5 kb data sets. As shown in Table 3 , the shared proportion of detected hidden SNPs was indeed very high, all above 98%, when the same evaluation criterion (haplotype r 2 ! 0.80) was used as in the high LD (Table 2 ) and low LD (Supplementary Material, Table S1) regions. (Tables 1 and 2), low LD (Supplementary Material,  Table S1 ) and regions of fixed-sized windows (Table 3) , the haplotype r 2 -based method was always associated with the highest tagging effectiveness at the same level of tagging efficiency among all methods. For the same 10-SNP windows across the ENCODE regions, the shared detection of hidden SNPs was re-evaluated with pair-wise r 2 , rather than haplotype r 2 , set to 0.80 (Table 3 , lower part). As expected, the overall tagging effectiveness was much lower for all the three tagging methods. Perhaps, also as expected, pair-wise r 2 -based method now became the most effective in detecting hidden SNPs. The shared detection of hidden SNPs between methods, however, was close to 90% at reasonably high tagging efficiency and could reach 99% when tagging efficiency was further reduced (Table 3) .
In addition to the ENCODE regions, we also performed similar analyses in the human MHC region, which is known to have a relatively unusual structure of LD (22) . As shown in Supplementary Material, Table S2 , detected hidden SNPs were found again to be highly shared (!90%) among different tagging methods. Interestingly, a small bias against haplotype r 2 -based method (i.e. smaller tagging effectiveness) was observed when tagging efficiency was around 3.1 and haplotype r 2 was used for evaluation. Also of interest was that in the MHC a small gain could be obtained with the haplotype r 2 -based method when the number of shared tags with any other method was maximized. These results demonstrate that shared detection of hidden SNPs is consistently high across different genomic regions by all tagging methods tested irrespective of evaluation measures and criteria.
Applying tagging SNPs from HapMap to rare SNPs
The ENCODE regions comprised a large proportion of rare SNPs (MAF , 5%), many of which were obtained by re-sequencing. This category of SNPs has not been pursued in the current International HapMap Project (9) . We evaluated the general utility of the HapMap data to detect rare variants by examining the effectiveness of tagging SNPs, produced by all the three tagging methods in the HapMap context. When these rare SNPs were excluded from the initial 1 SNP/5 kb map (Fig. 3, white and dotted bars) , at a tagging efficiency of 3.0, ,7% of rare hidden SNPs could be detected by tagging SNPs in high LD regions (dotted bars), and a generally higher tagging effectiveness in low LD regions (Fig. 3, white  bars) . When tagging SNPs were required to capture the full haplotype variability (haplotype diversity ¼ 100% or haplotype r 2 ¼ 1.00), the selected tags became more effective with rare hidden SNPs in high LD regions than in low LD regions. Even at this point, however, the tagging effectiveness was significantly lower than that of the hidden SNPs, whose MAF values were between 0.05 and 0.10 ( Fig. 2 ). Was such a low tagging effectiveness mainly due to the rare nature of the SNPs or due to the fact that they were excluded from the type of markers in the phase I HapMap?
We reconstructed an 1 SNP/5 kb map, including this time the rare SNPs (MAF , 5%) into the scheme. We then The percentage of tags in the smaller set shared by the larger set. re-evaluated the tagging effectiveness of tagging SNPs on such rare hidden SNPs (Fig. 3, dashed and dark bars) . There was a substantial increase of tagging effectiveness for all the three tagging methods and at all thresholds, in comparison to the initial scheme where rare SNPs were excluded. The extent of the correlation between a hidden SNP and the set of tagging SNPs depends on whether the hidden SNP is associating or subdividing the haplotypes defined by the set of tagging SNPs (23), i.e. whether the alleles reside on previously tagged haplotypes or whether they delineate new haplotypes from the existing tags. If a hidden SNP were in complete association with existing haplotypes, the haplotype r 2 -value would be 1.0. Otherwise, it would be below 1.0. When rare SNPs were excluded, a maximum of 29.0 and 14.4% of rare hidden SNPs were in complete association with tagging SNP-defined haplotypes in high LD and low LD regions, respectively. In contrast, these figures jump to 38.2 and 36.3% when rare SNPs are part of the initial map. This alone explains well the increase of tagging effectiveness for rare hidden SNPs by inclusion of rare SNPs into the HapMap scheme. It should be noted though that this increase was achieved at the expense of a lower tagging efficiency and, therefore, higher genotyping costs. For example, in the high LD regions, the average tagging efficiency was dropped from 3.0 to 2.2, 2.5 to 2.0 and 2.0 to 1.7, respectively, when the haplotype r 2 -based method was used with r 2 threshold at 0.78, 0.90 and 1.00.
DISCUSSION
We analysed 9673 polymorphic SNP markers genotyped across the 10 ENCODE regions at an average marker spacing of 0.5 kb to compare the behaviour of three different tagging methods and investigated the tagging space problem of the three methods. Tagging SNP sets were significantly more effective when they were evaluated using haplotype information than using only pair-wise LD information. At a reasonable level of tagging efficiency, tagging SNPs selected by the two haplotype-based methods were usually more effective on hidden SNPs than those selected by the pair-wise r 2 -based method. Among them, haplotype r 2 -based method was the most effective. Large genotyping savings could be achieved by reducing the selection thresholds for the three tagging methods and the haplotype-diversity-based method, in particular.
In high LD regions, the higher the frequency of a hidden SNP, the more effective is the tagging SNPs selected by the three tagging methods. This allele effect has been previously observed (4, 23) , and noted to be mainly due to the fact that common SNPs have a tendency to reside on existing haplotypes rather than to break them into different component 
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haplotypes. This allele effect was generally true for low LD regions in the ENCODE regions but not for those in the human MHC region. Compared with high LD regions (haplotype blocks in this case), low LD regions are usually not well defined (non-blocks in this case). The allele effect of tagging effectiveness in low LD regions, therefore, could be subjected to regional variations. We consider that a set of tagging SNPs had three levels of tagging space: (1) the SNP composition of tagging set, (2) how well the tagging set covers or tags other genotyped markers and (3) how well the tagging set covers/tags un-genotyped markers. Level 2 was straightforward to predict by level 1, but level 3 was more difficult. At a relatively high tagging efficiency (e.g. tagging efficiency ¼ 3.0), over 60% of tagging SNPs were shared by different tagging methods. At this level, more than 99% of genotyped markers and, remarkably, over 96% of un-genotyped markers (haplotype r 2 ! 0.80) which were predictable by one method were also predicted by another. This revealed a high concordance of tagging space between different methods. This concordance could be further enhanced until reaching 100% if the number of tagging SNPs was allowed to increase in a region (i.e. tagging efficiency decreased).
The high concordance of tagging space was observed in all regions irrespective of their LD structure and measures of evaluation. There was a delicate difference, however, between high and low LD regions. In low LD regions, high concordance of tagging space was primarily due to a high concordance of tagging SNP composition, whereas in high LD regions, a high concordance of tagging space did not necessarily require a similarly high concordance of SNP composition between tagging SNP sets selected by different tagging methods. The message is encouraging for users who might easily be puzzled by so many different choices of tagging methods.
Another question regarding tagging space was whether using multiple tagging methods and using commonly shared tag SNPs would better reflect the underlying LD structure of a region, and thus increase the tagging effectiveness. In haplotype blocks of the ENCODE regions, the haplotype-diversity-based method and pair-wise r 2 -based method were found to be tuneable by the haplotype r 2 -based method (Tables 1-3 ). In the MHC region, however, the haplotype r 2 -based tagging method was found to be tuneable by the haplotype-diversity-based method and by the pair-wise r Table S2 ). Overall, using multiple tagging methods and maximizing the proportion of shared tagging SNPs seemed to have little and inconsistent benefit, if there was any. This suggested that at a given level of tagging efficiency, individual tagging algorithms may have already utilized the LD information of a given region very efficiently. In general, rare SNPs are known to be not amenable to tagging strategies (4, 8, 23) . This was reflected here by the low tagging effectiveness on rare SNPs (MAF , 5%) when such SNPs were initially excluded from a HapMap scheme. If, however, such rare SNPs were included into the scheme from the start, tagging effectiveness on rare hidden SNPs was significantly improved at the expense of higher genotyping cost. Although in common practice (24 -26) rare SNPs are often not considered in population association studies, the result in this study implied that inclusion of them could be beneficial if rare causal variants were suspected.
MATERIALS AND METHODS
Samples and SNP genotyping
Genotype data of the 30 CEPH trios in the 10 ENCODE regions were downloaded from the International HapMap Project Web site (http:/ /www.hapmap.org, March 2005 freeze). A total of 19 680 SNP markers were obtained, which included 9622 'rs' SNPs and 10 058 'non-rs' SNPs. Among the 19 680 SNP markers, 9673 were polymorphic, which contained 7285 common SNPs (MAF ! 5%) and 2388 rare SNPs (MAF , 5%). These 7285 common SNP markers were used throughout this study unless specifically described otherwise.
Besides the HapMap ENCODE regions, a total of 2335 SNP common markers (MAF ! 5%) genotyped in 190 CEPH individuals across a 4.46 Mb region spanning the MHC region of human chromosome 6 (22) were also used in the present study as supplement and for comparison.
Simulation of 1 SNP/5 kb maps and definition of 'genotyped' and 'hidden' SNPs
We first constructed an 1 SNP/5 kb map by randomly selecting markers from the full marker set of 7285 SNPs in the 10 ENCODE regions whose MAF are !5%. Three such random marker sets of 1 SNP/5 kb were produced for each of the 10 ENCODE regions. SNPs selected into each of the three 1 SNP/5 kb maps were regarded as 'genotyped' SNPs (a total of 2889 'genotyped' SNPs were included into the three maps), whereas the rest were regarded as 'un-genotyped' or 'hidden' SNPs (a total of 18 956 'hidden' SNPs were left out of the three maps). Haplotype block analysis (described below) was then carried out on each of these 1 SNP/5 kb maps, and all the block regions were defined as high LD regions, whereas the rest as low LD regions. Only regions with five or more markers were used for further analyses, which effectively included 1457 and 169 'genotyped' markers in the high and low LD regions, respectively, in the three 1 SNP/5 kb maps. Corresponding to these 'genotyped' markers, a total of 9202 and 1041 'hidden' SNPs were assayed in high and low LD regions, respectively. To examine tagging behaviour on regions regardless of LD structure, the 1 SNP/5 kb maps were separated into consecutive windows of 10 SNPs without overlapping. The last window for each map was allowed to contain 10 but !5 SNPs. This effectively included 2863 'genotyped' SNPs of the three separate maps with 14 851 'hidden' SNPs being assayed. For the MHC region, three 1 SNP/5 kb maps, containing 2691 common SNPs, was also created with high LD (haplotype blocks) and low LD (nonblocks) regions identified for analysis.
Delimitating regions based on LD structure LD structure affects tagging SNP selection (23) . The effectiveness of tagging SNPs on un-genotyped markers in a region is also likely to be influenced by the local LD level and pattern. In attempt to make the results more comparable and the comparison more straightforward between different tagging methods, we dichotomize the three 1 SNP/5 kb maps created for the 10 ENCODE regions and the MHC region into high LD segments versus low LD segments. This was done by defining haplotype blocks using HaploView (27) . Although marker densities could influence haplotype block boundaries, regions delimitated by haplotype blocks were found to be generally in high LD (28) .
Tagging SNP selection
The pair-wise r 2 -based tagging method was based on ldSelect (5) with necessary modifications to allow the 'best' set of tagging SNPs to be output first. The 'best' sets were defined and selected as follows. There were usually multiple tagging SNPs in a bin and these SNPs could be replacing each other as the chosen tagging SNP for all SNPs in the bin. Although each of these alternative tagging SNPs had a pair-wise r 2 -value over a defined threshold with all other SNPs in the same bin, the exact average value of such could be different. 2 of A with the other three SNPs in the bin was 0.820, whereas for B this value was 0.827. Therefore, B could be regarded as a better tag than A and was output first. In this study, for bins of multiple alternative tagging SNPs, the average pair-wise r 2 between each of them and all the rest of SNPs in the same bin was calculated. Tagging SNPs with the highest average r 2 -values were selected from each bin to create the best tagging SNP set. This was an effort to clear up uncertainties over whether any gain of tagging effectiveness, when the number of shared tags between different tagging methods was maximized, was due to the most effective tags not being used in the first place.
The haplotype r 2 -based tagging method was based on the minimum haplotype r 2 option implemented in TagIT (4). In a similar way, this option was also modified to select tagging SNPs based on minimum haplotype r 2 between a non-tagging SNP and a candidate set of tagging SNPs and allow the 'best' set of tagging SNPs to be output first. The major haplotypebased tagging method was a standalone version of SNPTagger (14) without any modification. For these two methods, haplotypes were inferred for each individual region, and this was carried out by using Merlin and fugue (29) .
The three tagging methods have different mechanisms and criteria in selecting tagging SNPs. For simplicity, we started tagging SNP selection using the three methods all from a threshold of 0.5. This starting threshold had different meaning for the three methods and represented pair-wise r 2 ¼ 0.5, haplotype r 2 ¼ 0.5 and haplotype diversity ¼ 50% (i.e. top 50% most common haplotypes). Afterwards, the threshold was increased until it reached 1.00-either complete correlation or full haplotype diversity.
Measures of tagging efficiency and tagging effectiveness
'Tagging efficiency' was used to assess the savings in genotyping (23) . In short, it was defined as n/n h , where n is the total number of markers genotyped in a region and n h the number of htSNPs selected to cover the region. 'Tagging effectiveness' was used to evaluate how well tag SNPs performed on hidden SNPs in a region. In this study, haplotype r 2 (4) was used to define the effectiveness of tagging SNPs, unless stated otherwise. More specifically, 'tagging effectiveness' was defined as what percentage of hidden SNPs in a region that had a haplotype r 2 -value equal to or bigger than a certain threshold with the tagging SNPs. To calculate the value of haplotype r 2 for the ith SNP, the following formula was used:
where m is the total number of chromosomes observed, f i the frequency of allele 1 at locus i, f gi the frequency of that allele on the gth haplotype and h g the haplotype frequency of the gth htSNP-defined group.
